
ORIGINAL ARTICLE

Ternary Inclusion Complex of Paliperidone with β-Cyclodextrin
and Hydrophilic Polymer for Solubility and Dissolution
Enhancement

Atul P. Sherje1,2 & Vaishali Londhe1

Published online: 13 August 2015
# Springer Science+Business Media New York 2015

Abstract The present study was aimed to improve aqueous
solubility and dissolution behavior of a poorly water-soluble
antipsychotic drug, Paliperidone (PLDN), through the for-
mation of inclusion complexes with beta-cyclodextrin (β-
CD). The effect of water soluble polymer on the complexa-
tion efficiency and solubilizing ability of β-CD was inves-
tigated using Kollidon-30 (KDN) as a ternary component.
The binary complex of PLDN: β-CD was prepared by co-
precipitation method in 1:1 molar ratio and ternary complex
was prepared analogously to the binary complex containing
0.3% of KDN. The solid state characterization of the com-
plexes was carried out using DSC, FTIR, XRPD, and SEM
studies. The phase solubility study carried out according to
the Higuchi and Connors method revealed an increase in
complexation efficiency of β-CD due to addition of KDN.
Saturation solubility and in vitro dissolution studies of com-
plexes showed that the aqueous solubility and dissolution
rate of drug were improved substantially compared to drug
alone. The ternary complex resulted more solubility

enhancement and drug release compared to binary com-
plexes. In conclusion, the addition of KDN to the binary
system of PLDN:β-CD has a synergistic effect on the solu-
bility enhancement ability of β-CD. Hence, ternary com-
plexation can be used as a novel approach for solubility
enhancement of PLDN.
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Introduction

With the advent in the drug discovery, many drug molecules
are being introduced into the market. But most of the newly
introduced drugs are poorly water soluble. The solubility and
dissolution of such drug molecules are rate limiting step to
their absorption. Therefore, approaches that increase solubility
of such compounds can improve their dissolution properties
and thereby bioavailability. The literature cites numerous
methods for solubility and bioavailability enhancement of
poorly soluble drugs viz. particle size reduction, use of co-
solvent(s)/ surfactant(s), solid dispersion with hydrophilic
polymers, complexation with cyclodextrin, etc. The use of
cyclodextrins (CDs) as a solubility enhancement tool has been
well established for poorly water-soluble drugs [1–8].

CDs are oligosaccharides of α-D-glucopyranose with cy-
clic α-(1,4) linkage containing hydrophilic outer surface and
somewhat lipophilic central cavity. The lipophilic drug mole-
cule or lipophilic part of drug molecule can interact with inte-
rior cavity of cyclodextrin forming an inclusion complex. The
hydroxy groups on the outer surface of the CDs are also able
to form hydrogen bonds with other molecules to form non-
inclusion complex. Thus, CDs can increase the aqueous solu-
bility of poorly water-soluble guest molecules by forming
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water soluble complexes. Inclusion complexation of drugwith
CDs has numerous applications such as to reduce bitterness,
improved stability, reduce gastrointestinal irritation, prevent
drug-drug or drug-excipient interaction, control of volatility,
and sublimation and controlled release of drug [9–13].

The natural cyclodextrins have a drawback of limited
aqueous solubility. Therefore, the complexes resulting of
poorly soluble drug and these CDs can be of limited
solubility [9]. In addition, complexation efficiency of cy-
clodextrins is low, and therefore, relatively more amount
of cyclodextrins may be required to prepare complexes
of these CDs with drugs. Thus, the enhancement of the
complexation efficiency and solubility enhancement abil-
ity of CDs is of great concern in cases where larger
amounts of CDs are required to increase solubility of
poorly soluble molecules [14].

It has been established that the addition of suitable
auxiliary substance such as water soluble polymer to
Drug-Cyclodextrin (CD) system increases the solubiliza-
tion and complexation efficiency of CD. Polymers in-
crease the complexation of CD with drug through the
formation of ternary complexes or co-complexes
[15–19]. The mechanism of increase in complexation ef-
ficiency of CDs in the presence of hydrophilic polymers
is not yet understood completely [20]. Addition of water-
soluble polymers improves the complexation efficiency
and can reduce the amount of CDs required in formula-
tion by up to 80 %. [21, 22].

Similar positive effects on CDs complexation efficiency by
addition of ternary components such as hydroxyacids [23],
triethanolamine [24, 25], amino acids [26, 27], and CD deriv-
ative [28] have also been reported in literature.

A BCS class II drug, paliperidone (PLDN), was selected
as a model drug for the study. It is second generation
atypical anti-psychotic drug indicated for treatment of
schizophrenia in adults. It is the major active metabolite
of risperidone. Its mechanism of action includes antagonism
of central dopamine D2 receptors, serotonin 5-HT2A recep-
tors, adrenergic receptors (α-1and α-2), and H1 histamin-
ergic receptors. The PLDN is practically insoluble in water
and possesses low absolute bioavailability with a half-life
of 23 h. The lower bioavailability is further attributed to its
reduced absorption in the colon [29–32]. The chemical
structure of PLDN is given in Fig. 1.

Literature review reveals studies on complexation of
PLDN with cyclodextrin [33], bioavailability enhancement
using hydrophilic carriers and advanced technologies [34,
35]. In our recent study, an inclusion complexes of PLDN
with HP-β-CD has shown a significant improvement in solu-
bility and dissolution [36]. However, in present study, the in-
fluence of water soluble polymers on solubilizing and com-
plexation abilities of beta-cyclodextrin (β-CD) was in-
vestigated through preparation of ternary complexes

comprising of drug, β-CD, and hydrophilic polymer. It
was hypothesized that the addition of hydrophilic poly-
mer may increase the complexation efficacy and solu-
bility enhancement ability of β-CD and therefore may
results in an even better drug solubility/dissolution than
a binary system.

Materials and Methods

Materials

PLDN and β-CD were obtained as a gift sample from
Inventia Healthcare Pvt. Ltd., Thane, India and Gangwal
Chemicals Pvt. Ltd., Mumbai, India, respectively. Hy-
droxypropyl methyl cellulose E-5 (HPMC) and polyethyl-
ene glycol (PEG) were purchased from S.D. Fine Chem
Ltd., Mumbai, India. Kollidon-30 (KDN) and Lutrol F68
were obtained as a gift sample from Signet Chemical Cor-
poration Pvt. Ltd., Mumbai, India. All other materials and
solvents used in the study were of analytical reagent
grade.

Methods

Determination of the Aqueous Solubility of PLDN

The solubility of PLDN in water was determined by sat-
uration solubility method. PLDN was added in excess to
the distilled water in vials. The vials were kept on the
rotary shaker (Orbitek-Scigenics Biotech, India) at 25 °C
and 100 rpm for 48 h. After equilibrium, the solutions
were filtered using 0.45 μ membrane filter, diluted suit-
ably and the amount of drug was determined using UV-
Visible spectrophotometer (Shimadzu UV 1800, Japan) at
275 nm.

Screening of Polymer

The screening of polymers study was carried out to deter-
mine solubilization potential of hydrophilic polymers. Four
different water soluble polymers, namely, Kollidon-30,
Lutrol F68, HPMC, and PEG in various concentrations
were tested for their effect on solubility of PLDN. The

Fig. 1 Chemical structure of paliperidone
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aqueous solutions of polymers were prepared in water in
the concentration range of 0.1–0.4 % w/v. PLDN was
added in excess to the aqueous solutions of polymer in
vials. The vials were shaken using rotary shaker for 48 h
at 25 °C and 100 rpm. After equilibrium, the solutions
were filtered and the solubility of drug in different con-
centrations of aqueous solutions of polymers was deter-
mined spectrophotometrically.

Phase Solubility Study

Phase solubility study was carried out according to the
Higuchi and Connors method [37]. For phase solubility
study of a binary system, an excess amount of PLDN
was added to aqueous solutions containing increasing
concentrations of β-CD (3–15 mM). The solutions were
kept on rotary shaker for 48 h at 25 °C. The solutions
were allowed to equilibrate, filtered using 0.45 μ mem-
brane filter, and diluted suitably. The amount of drug

was determined spectrophotometrically at 275 nm. The
phase solubility study for ternary system was performed
similar to the binary system in presence of 0.3 % KDN
(the concentration value obtained from the results of polymer
screening study). The stability constant (Kc) was determined
using the following equation

Kc ¼ Slope

S0 1−Slopeð Þ

where S0 is the solubility of the PLDN in water in the
absence ofβ-CD (binary system) orβ-CD and KDN (Ternary
system). It has been stated that for selection of complexation
conditions it is more convenient to obtain complexation effi-
ciency (CE) values for CDs [9]. Hence, the CE was also cal-
culated using the following equation

CE ¼ Slope

1−Slope

Fig. 3 Phase solubility curve of
binary and ternary systems

Fig. 2 Solubility of PLDN in
various polymers (polymer
screening study)
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Fig. 5 PXRD graphs of a PLDN, b β-CD, c KDN, d PM-binary, e PM-ternary, f IC-binary, and g IC-ternary

Fig. 4 Saturation solubility of
PLDN, PM, and IC of binary and
ternary systems
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Preparation of Physical Mixtures

The physical mixture (PM) of binary system was prepared
containing 1:1 molar amounts of PLDN and β-CD. The
weighed quantity of β-CD and PLDN was mixed gently and
passed through 85# mesh with minimum abrasion. The terna-
ry PM containing PLDN,β-CD, and KDNwas prepared anal-
ogously to the binary physical mixture containing 0.3 % of
KDN.

Preparation of Inclusion Complexes (ICs)

The inclusion complex (IC) of binary system was prepared by
co-precipitation method containing 1:1 molar amount of
PLDN andβ-CD. Theβ-CDwas dissolved in minimum quan-
tity of distilled water. An equimolar amount of PLDN was
added gradually to the β-CD solution. The solution was stirred
continuously using magnetic stirrer (MLH 1, Remi Laboratory
Instruments, India) for 24 h and solvent evaporated. The

Fig. 6 SEM images of a PLDN,
b β-CD, c KDN, d PM-binary,
e PM-ternary, f IC-binary, and
g IC-ternary
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Fig. 7 FT-IR spectrum of a PLDN, b β-CD, c KDN, d PM-binary, e PM-ternary, f IC-binary, and g IC-ternary

Table 1 Shifts in IR frequencies of PLDN, β-CD, and KDN in binary and ternary complexes

Functional group assignment Wavenumber (cm−1)

PLDN PLDN in binary complex PLDN in ternary complex

OH stretch 3296.48 3302.29 3303.38

CH stretch 2935.79 2931.91 2931.03

C=C stretch 1628.02 1631.60 1633.86

C=N stretch 1536.65 1536.38 1536.03

C–F stretch 1131.8 1130.00 1129.37
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ternary complex was prepared analogously to the binary com-
plex containing 0.3 % of KDN. The products were dried, pul-
verized, passed through 85# mesh, and stored in desiccator.

Characterization of ICs

Saturation Solubility of PLDN, PM and IC in Water

The aqueous solubility of PMs and ICs in distilled water was
determined by saturation solubility method. The PMs and ICs

in excess were added to the vials containing measured volume
of distilled water. The vials were sealed and kept on the rotary
shaker at 25 °C and 100 rpm. After 48 h, the solutions were
filtered and the drug content was determined spectrophoto-
metrically at 275 nm.

Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) patterns of PLDN, β-CD,
KDN, PMs, binary, and ternary ICs were obtained with a
PANalytical X’pert Pro MPD Diffractometer (EA Almelo,

Fig. 8 DSC graphs of a PLDN, b β-CD, c KDN, d PM-ternary, e IC-binary, and g IC-ternary
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The Netherlands). The process parameters were as below: Cu
anode, 45 kV voltage, 40 mA current, scan step size 0.0170
(2θ), scan step time 20.0271 s, and measurement temperature
25 °C. To check the possible inclusion complex formation, the
diffractograms of pure PLDN, β-CD and KDN were com-
pared with PMs, binary, and ternary complexes with respect
to peak intensity and the presence and/or absence of peaks.

Scanning Electron Microscopy

The scanning electron microscopy (SEM) study was per-
formed on a scanning electron microscope EvoLS10 (Zeiss,
Germany). The surface morphology of pure PLDN, β-CD,
KDN, PMs, and ICs was examined.

Fourier Transform Infrared Spectroscopy

The spectra were obtained using a Fourier transform infrared
(FT-IR) spectrometer (Perkin Elmer, Inc., USA) in the range
of 4000–400 cm−1 using KBr discmethod. The FT-IR spectras
of PMs and ICs were compared with that of pure PLDN, β-
CD, and KDN for intensity of peaks and modification and/or
the absence of characteristic peaks.

Differential Scanning Calorimetry

The samples were examined on differential scanning cal-
orimeter (DSC) (Mettler Toledo DSC 822) using Stare

SW 10.00 software. An approximately 2.0 mg of each
sample was scanned using aluminum pans in a nitrogen

atmosphere with flow rate of 0.2 kg/m2 (cylinder second-
ary outlet pressure). The heating rate of 10 °C min−1 was
maintained during the scanning over a temperature range
of 50–300 °C.

In Vitro Dissolution Studies

In vitro dissolution tests for PLDN, PMs, and ICs (quantity
equivalent to 12 mg of PLDN) were carried out using Tablet
Dissolution Tester USP, TDT 06P (Electrolab, India) in
500 mL phosphate buffer, pH 6.8, at 37 °C with a paddle
rotating at 50 rpm. The aliquot of samples was withdrawn at
various intervals of time (10, 20, 30, 45, and 60 min), and the
amount of PLDN dissolved was determined spectrophotomet-
rically at 275 nm.

Results and Discussion

Screening of Polymer

As indicated in the Fig. 2, in the polymer screening study, it
was found that among four water-soluble polymers used for
the study, KDN has shownmaximum solubility of PLDN. The
solubility of PLDN increased linearly with increasing concen-
tration of KDN up to 0.3 % concentration of KDN, beyond
which no substantial increase in PLDN solubility was ob-
served. Hence, 0.3 % KDN was used as a third component
for phase solubility study of ternary system and preparation of
ternary solid inclusion complexes.

Table 2 The % dissolution after
30 min for PLDN, PMs, and ICs Parameter PLDN Binary IC Ternary IC Binary PM Ternary PM

% Dissolution after 30 min 29.57±1.61 99.57±1.85 99.74±1.77 41.5±1.50 43.97±1.69

*Results are mean of three determinations, (n=3)±relative standard deviation (R.S.D.)

Fig. 9 In vitro dissolution study
of PLDN, physical mixtures, and
inclusion complexes
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Phase Solubility Studies

Polymers are known to interact with the outer surface of CDs
and with drug-CD complexes, forming co-complexes or ag-
gregates that show higher stability constants (Kc) values than
those for the binary drug-CD system. The developed aggre-
gates are capable of solubilizing drugs and other hydrophobic
molecules [8, 19].

The phase solubility studies for both binary and ternary
systems were carried out to investigate the effect of polymers
on complexation efficiency of β-CD. The results of phase
solubility studies are shown in Fig. 3. The phase solubility
curve for both PLDN:β-CD and PLDN:β-CD:KDN systems
showed AL type curve (among other curves like AP, AN, BS,
and BI) [37] indicating a linear increase in PLDN solubility as
a function of β-CD concentration suggesting the formation of
water soluble complexes. A synergistic effect on PLDN solu-
bility was observed due to addition of KDN. The apparent
stability constant (KC) and CE were calculated. The Kc values
for binary and ternary systems were found to be 906.58 and
1106.87 M−1, respectively. The significantly higher Kc value
for ternary system can be attributed to the presence of KDN
suggesting formation of more stable complex. The CE values
for binary and ternary systems were found to be 0.071 and
0.088, respectively. The higher CE value for ternary system
suggests the improved complexation efficiency of β-CD due
to addition of KDN. The slope values of binary and ternary
systems were less than unity indicating formation of 1:1 stoi-
chiometry complexes [38].

Saturation Solubility of PLDN, PMs, and ICs in Water

The results of the saturation solubility of PLDN, physical
mixtures, and inclusion complexes in water are depicted in
Fig. 4. The formation of binary and ternary inclusion com-
plexes of PLDN with β-CD resulted in improved water solu-
bility of PLDN. The extent of solubility of PLDN in ternary
complexes was more than that in binary complexes and their
corresponding physical mixtures. The solubility enhancement
of PLDN in binary and ternary complexes was found to be
17- and 30-folds, respectively, with respect to saturation sol-
ubility of pure PLDN in water (i.e., 0.0326 mg/mL). The
higher solubility of PLDN in ternary system compared to bi-
nary system can be attributed to enhanced complexation effi-
ciency of β-CD due to addition of PLDN.

X-ray Powder Diffraction

X-ray powder diffraction (XRPD) study was carried out to
confirm formation of new solid system. The diffraction pattern
of PLDN showed several sharp high intensity peaks at diffrac-
tion angles (2θ) of 10.24, 10.78, 14.54, 14.94, 18.64, 19.16,
21.98, 24.62, 25.0, 28.54, and 31.16 °C indicating its

crystalline nature. The x-ray diffractograms of β-CD also
showed several intense peaks due to its crystalline nature,
however, KDN has not shown any prominent peaks suggest-
ing its amorphous character. The diffractograms of PLDN, β-
CD, KDN, PMs, and ICs are shown in Fig. 5. The crystallinity
of PLDN in PMs and ICs was determined by comparing the
intensity of peaks, presence/absence of some representative
peaks in the diffractograms of PMs and ICs with those of a
PLDN.

The intensity of some characteristic diffraction peaks of
PLDN was significantly reduced in binary and ternary com-
plex compared to their physical mixtures. Moreover, the XRD
graph of ternary complex showed disappearance of many
characteristic peaks of PLDN which were observed in XRD
pattern of binary complex and PMs. Thus, it is indicative that
the ternary complexation has resulted in the formation of more
amorphous solid complex through increasing the complexa-
tion ability of β-CD.

Scanning Electron Microscopy

SEM photomicrographs of PLDN, β-CD, KDN, PMs, and
ICs are shown in Fig. 6. The SEM images indicated PLDN
as irregular particles and β-CD as crystalline molecule. The
products of binary and ternary complexes appeared as amor-
phous aggregates suggesting a considerable change in the
original morphology of the PLDN, β-CD, and KDN. This
change in the morphology of PLDN in binary and ternary
complexes was indicative of the formation of new solid
complexes.

Fourier-Transform Infrared Spectroscopy

FT-IR is a useful analytical tool to predict a possible interac-
tion of guest (drug) with host (cyclodextrin) molecules in solid
state. The characteristic peaks due to various functional
groups in guest molecule are affected due to an interaction
between guest and host molecule [39]. The FTIR spectrum
of PLDN shows the presence of characteristic bands at
3296.48 (−OH stretch), 2786.01 (=C–H stretch), 1628.02
(C=C stretch), 1536 (C=N stretch), 1270 (C–H bending),
and 1131.80 cm−1 (C–F stretch). The FT-IR spectrum of β-
CD indicates bands at 3300–3500 cm−1 due to O–H stretching
vibrations and the bands due to -CH and CH2 groups appears
in 2800–3000 cm−1 region. The IR spectrum obtained for
binary and ternary IC showed shift in IR band, reduction in
intensity, and/or disappearance of some characteristic bands of
PLDN. The significant shift in IR bands of PLDN at 3296.48,
2935.78, 1628.02, 1536.65, 1270, and 1131.8 cm−1 suggests
the interaction of PLDN with β-CD and KDN. Further, the IR
band shift was more distinct in ternary IC compared to binary
IC and physical mixtures indicating enhanced complexation
of PLDNwithβ-CD due to addition of KDN. The shifts in the
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IR bands of PLDN and β-CD in the PLDN-β-CD IC and
PLDN-β-CD-KDN systems are shown in Table 1, and the
FT-IR spectras of are illustrated in Fig. 7.

Differential Scanning Calorimetry

The DSC thermal analytical technique can be used to study an
interaction between drug (guest) and host molecule. The DSC
thermograms of samples are shown in Fig. 8. PLDN showed a
characteristic endothermic peak corresponding to its melting
point at 181.46 °C, whereas the DSC graph of β-CD showed
an endotherm at 122.94 °C. DSC graphs of binary and ternary
ICs investigated that the intensity of endothermic peak of
PLDN at its melting point is considerably reduced compared
to their PMs. However, the thermal peak of PLDN in ternary
IC was reduced to more extent compared to binary IC indicat-
ing strong interaction of PLDN with β-CD and KDN. This
could be attributed to increased complexation efficiency of β-
CD due to addition of KDN.

In Vitro Dissolution Study

The in vitro dissolution test was carried out to study the
effect of improved solubility of PLDN on dissolution
rate of solid inclusion complexes. The results of drug
release study are illustrated in Fig. 9. An increase in
dissolution rate was achieved with the binary and terna-
ry inclusion complexes. As illustrated in figure, about
82.0 and 99.0 % of PLDN was released in 20 min from
the binary and ternary complex, respectively. However,
<25 % drug release was obtained at the same time in-
terval from pure PLDN. The % dissolution values after
30 min depicted in Table 2 suggests a satisfactory drug
release [40] from binary and ternary ICs compared to
pure PLDN and physical mixtures of binary and ternary
system. The increased dissolution rate of PLDN in com-
plexes may be due to increased interaction of drug with
the dissolution medium. This can further be attributed to
the ability of cyclodextrin and hydrophilic polymer to
improve drug wettability and water solubility. The sig-
nificantly improved dissolution rate of PLDN in ternary
complex compared to binary complex can be attributed
to the presence of water soluble polymer in ternary sys-
tem resulting in enhanced complexation of PLDN with
β-CD.

Conclusions

The characterization studies of binary and ternary complexes
such as SEM, DSC, XRPD, and FTIR revealed that noticeable
changes were observed in all characterization methods, indi-
cating the formation of new solid inclusion complexes. The

ternary complex has resulted remarkable improvement in sol-
ubility and dissolution compared to binary complex. The ap-
parent stability constant (Kc) and complexation efficiency
(CE) of β-CD were significantly improved due to addition
of KDN to binary system of drug andβ-CD suggesting a more
stable complex formation with increased complexation effi-
ciency of β-CD. Thus, from the experimental observations, it
can be concluded that the presence of KDN may lead to ap-
preciable improvement in the solubilizing and complexing
ability of β-CD through the formation of ternary inclusion
complex with PLDN. Hence, ternary complexation of PLDN
withβ-CD andKDN can be used a novel approach to improve
its solubility and dissolution performance.
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